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The apparent excess of gamma rays in an extended region in the direction of the galactic center
has a spatial distribution and amplitude that are suggestive of dark matter annihilations. If this
excess is indeed due to dark matter annihilations, it would indicate the presence of both dark matter
and an additional particle beyond the Standard Model that mediates the interactions between the
dark matter and Standard Model states. We introduce reference models describing dark matter
annihilation to pairs of these new mediators, which decouples the SM-mediator coupling from the
thermal annihilation cross section and easily explains the lack of direct detection signals. We
determine the parameter regions that give good descriptions of the gamma ray excess for several
motivated choices of mediator couplings to the SM. We find fermion dark matter with mass 7-26 GeV
and a dark vector mediator, or scalar dark matter in the 10-50 GeV range (Higgs portal mediator)
or 10-65 GeV range (gluophilic mediator) can provide a comparable or improved fit, compared to
the case of direct annihilation. We demonstrate that these models can easily satisfy all constraints
from collider experiments, direct detection, and cosmology.
I. INTRODUCTION
The existence of some form of dark matter (DM) is
well-established from its gravitational interactions. The
coincidence that the Standard Model (SM) weak inter-
actions roughly coincide with the coupling strength re-
quired for the thermal freeze-out of a weak scale particle
to account for the observed relic abundance has driven a
multipronged search for non-gravitational signals of DM,
in direct detection experiments, in cosmic ray signals,
and at colliders. Over the last few years an excess of
gamma rays over astrophysical predictions has been ob-
served in the Fermi-LAT data in the direction of the
galactic center (GC) [1–10]. The extended and spheri-
cally symmetric spatial distribution, the overall rate, and
the shape of the spectrum associated with the excess are
strikingly consistent with an origin in annihilating DM.
Of course, astrophysical sources of the excess are still a
possibility. Millisecond pulsars have been proposed as a
source for the excess [11, 12]; however, such a population
would have to be novel in both its spatial and luminosity
distributions [6, 8, 10, 13]. In particular, the fact that
the excess appears to extend well beyond the GC, out
to at least around 10◦, is a challenge for the millisecond
pulsar interpretation. It has also been suggested that the
excess could be due to cosmic ray interactions with gas
and dust [1, 3, 4, 7], but similarly it has been argued that
these explanations provide a poor fit to the data [14, 15].
One of the most intriguing features of the GC gamma
ray excess is that if it is indeed due to DM, then it would
establish the existence not only of DM but also of some
new mediator particle responsible for its interaction with
the SM. The spectrum of the excess has been fit well
by DM annihilations XX → bb¯, in which case the DM
mass is mDM ≈ 30 GeV; annihilations XX → τ τ¯ pro-
vide a less good fit to the data and would point to lighter
masses. Intriguingly, with these hypotheses for the an-
nihilation, the cross-section needed to achieve the rate
seen in the excess is strikingly close to the thermal value:
σv ∼ 10−26 cm3/s [10]. However, this mass range for
DM, 20 GeV . mDM . 40 GeV, has been very well
studied by direct detection experiments. The two SM
particles capable of mediating XX → ff¯ are the Higgs
and the Z boson. With the coupling to DM set by the
deduced cross-section XX → ff¯ , both the Higgs and
the Z would give rise to direct detection signals vastly
in excess of observations. In addition, the failure to ob-
serve h→ XX at the LHC independently eliminates the
125 GeV Higgs as a mediator for the DM annihilations.
Thus some beyond-the-SM field is required to mediate
DM annihilations to the SM, whether heavy [16, 17] or
light [18–21]. Other implications and aspects of model
building have been considered in e.g. [22–31].
In the present work we highlight the possibility that
the mediator may easily be lighter than the DM, in which
case DM will typically annihilate to pairs of on-shell me-
diators rather than directly to SM particles. In this case,
constraints from LHC and direct detection experiments
can be almost entirely obviated [32]. Thermal freeze-out
determines the coupling of DM to the mediators, but the
coupling of the mediators φ to the SM is a free param-
eter. Whilst the coupling of φ to the SM is constrained
by collider and direct detection searches on one hand,
and by the requirement that they decay before Big Bang
nucleosynthesis (BBN) on the other, a wide range of val-
ues are still permitted by all available data. This al-
lows direct detection signals to be small while still main-
taining a thermal annihilation rate. We construct three
simple reference models, coupling the mediators to the
SM through the hypercharge portal, through the Higgs
portal, and through the gluonic operators GaµνG
aµν and
GaµνG˜
aµν , and establish the region of cascade annihila-
tion parameter space that yields a good explanation for
the GC excess.
The paper is structured as follows: In Sect. II we ex-
amine the photon spectra coming from DM cascade anni-
hilations to SM states and identify the best-fit parameter
regions which reproduce the spectrum of the inner galaxy
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2gamma ray excess. In Sect. III - V, we present simple ref-
erence models which yield cascade annihilations capable
of describing the excess, and discuss the viable param-
eter space. We examine the relevant limits and discuss
the prospect for signals at colliders and direct detection
experiments. Finally in Sec. VI we conclude.
II. FITTING THE EXCESS WITH DARK
MATTER CASCADE ANNIHILATIONS
In this section we examine the photon spectra that
result from DM cascade annihilations
XX → φφ→ ff¯f ′f¯ ′, (1)
as illustrated in Fig. 1. We study how the spectra vary
with respect to mDM and mmed, and determine which
combinations of new particle masses and SM final states
provide a good fit to the shape of the spectrum extracted
in [10].
The flux of gamma rays Φ(Eγ , ψ) produced at energy
Eγ due to annihilating DM with mass mDM, as a function
of angle of observation ψ, is given by
d2Φ
dΩdEγ
=
〈σv〉
8piηm2DM
∑
f
dN
dEγ
Brf
 J(ψ, γ) , (2)
where 〈σv〉 is the thermally averaged DM annihilation
cross section, Brf is the branching ratio to a given final
state f , and the sum runs over all final states. The flux
also depends on whether the DM is complex (η = 2) or
self-conjugate (η = 1). Unless stated otherwise, we shall
assume that the DM is non-self-conjugate (e.g. Dirac)
and accordingly take η = 2. The factor J is the line-of-
sight integral (see e.g. [33])
J(ψ, γ) =
∫
LOS
ρ2(r)dl , (3)
which depends on the distribution of the DM ρ(r) as a
function of radial distance from the GC. Previous studies
X
f '
f '
f
f
X
X
V
V
FIG. 1. Dark matter (particle X) cascade annihilation dia-
gram to Standard Model fermion pairs ff via intermediate
states V .
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FIG. 2. Examples of photon spectra (from Pythia 8) as-
suming DM annihilation to cc (red), bb (black), ττ (blue).
For direct decays with mDM = 30 GeV (dotted) and cascade
decays with mDM = 100 GeV and mV = 30 GeV (solid).
[1–10] have established that the spatial distribution of the
gamma ray excess is well-fit by a generalised Navarro-
Frenk-White (NFW) distribution [34, 35]
ρ(r) = ρ0
(r/rs)
−γ
(1 + r/rs)3−γ
, (4)
with best-fit shape parameter γ ' 1.26 [10], local DM
density ρ0 = 0.3 GeV/cm
3, and scale radius rs which we
take to be 20 kpc. These values are in agreement with
the suggested range in [36]. The normalization of the
gamma ray signal depends on the product J〈σv〉. It is
important to note that uncertainties in the astrophysical
distribution of DM complicate the determination of the
thermal cross-section. We will adopt the absolute nor-
malization of the excess as determined in [10] together
with their best-fit ρ(r), and report on the deduced cross-
section 〈σv(XX → φφ)〉 needed to fit the rate. We com-
pare this to predictions from specific thermal reference
models in Sects. III - V.
Out first step is to establish which combinations of
masses and final states yield a good description of the
shape of the photon spectrum. For a given DM mass and
final state we determine the photon spectra using Pythia
8 [37]. Example spectra for DM annihilations to either
b, c or τ final states are plotted below in Fig. 2. We show
examples of both direct annihilations XX → ff and
cascade annihilations XX → ffff . Shifting from direct
to cascade annihilations affects both the height and peak
location in the E2γ dN/dE distributions.
For a given choice of mDM, mmed and final state, we
fit the resulting photon spectrum to the data shown in
[10]. To perform this fit, we fix the normalization of
each E2γ dN/dE curve so that the integrated flux of the
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FIG. 3. Contour plots of max
[
E2γ
dN
dEγ
]
as a function of mDM and mmed for cascade decays to bb, cc, ττ (grey contours).
For a spectrum which fits the shape of the flux, the corresponding value of max
[
E2γ dN/dEγ
]
may be used to obtain the
normalization factor J〈σv〉 required to match the signal. Parameter regions that provide a good fit to the observed spectrum
are obtained are highlighted in green, showing contours of χ2. Parameter space within the red curves indicates a better fit than
achieved for the case of direct annihilations, as identified in [10]. The black markers indicate the best fit points for each case.
Further details are given in the text.
cascade model is normalised to the flux reported in [10].
We then define a χ-square statistic that compares the
predicted flux from a given cascade model in each bin
Nmodi to the observed flux N
data
i , as given in [10], and
sums over the bins
χ2 =
∑
i
(Ndatai −Nmodi )2
σ2i
, (5)
where σi is the error on the data. Contours of the best fit
regions in the mDM, mmed plane that give good fits to the
shape of the photon spectrum for cascade annihilations
to different final states are shown in Fig. 3. The green
contours show the best fit region according to the χ2
test1; the inner contour corresponds to χ2/d.o.f = 2, and
the outer contour is χ2/d.o.f = 3. The χ2 contours are
overlaid over grey contours of max
[
E2γ dN/dEγ
]
, nor-
malized to half the number of photons per annihilation.
For spectra that fit the data well, the max
[
E2γ dN/dEγ
]
can then be used to determine the normalization factor
J〈σv〉 necessary to fit the observed flux.
The red line in Fig. 3 corresponds to a fit of quality
comparable to that found by [10] for direct annihilations;
the best fit DM mass for XX → bb was identified as
mDM ' 32.25 GeV with χ2/d.o.f = 1.4.2 Thus the pa-
rameter space which lies within the red curves provides
an improved fit, which is not unexpected as the cascade
1 We give the ratio of χ2 relative to the (25−1) degrees of freedom,
corresponding to the 25 data points used in the analysis of [10].
2 To be consistent, this is the χ2 calculated by our procedure for
32.25 GeV DM annihilating to b¯b, not the value quoted by [10].
scenario introduces additional parameters. The lack of
a red curve in the rightmost panel of Fig. 3 means all
(mmed,mDM) points lead to spectra with χ
2/d.o.f > 1.4.
We consider only prompt photons, meaning photons
from decay of or radiation off the final state. Secondary
photons arising from the interaction of DM annihilation
products with dust, gas, and magnetic fields (and, to a
lesser extent, with starlight and the CMB) can be im-
portant for accurately extracting and understanding the
spectrum of the DM annihilations [38]. The magnitude
and morphology of these secondary contributions depend
on the distribution of matter and radiation in the galaxy.
Away from the galactic disk, we expect the contribution
of secondary photons to be relatively unimportant, and,
following [10] we fit to the flux as determined at ψ = 5◦
where bremsstrahlung and other secondary processes can
largely be neglected.
In Fig. 4 we show the corresponding plots for cascade
annihilations to mediators with specific choices of branch-
ing fractions to SM fermions. We consider three scenarios
for the coupling of the mediator to the SM. First, we con-
sider the case where the mediator is a vector boson V ,
coupling to the SM via the hypercharge portal,  FµνB
µν
[39, 40]. FormV . 20 GeV, the branching fractions of the
V to SM fermions are approximately proportional to elec-
tric charge; for heavier mV , the branching fractions be-
gin to become more Z-like. We use the mass-dependent
branching fractions, determined at tree level (see, e.g.,
[41]). Second, we consider the case where the mediator
is a scalar, which couples to the SM via the Higgs por-
tal, and has branching fractions given at tree-level by
the SM Yukawa couplings. In our numerical work we use
branching fractions computed by HDECAY [42, 43], includ-
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FIG. 4. As in Fig. 3, for specific choices of mediator. The left panel corresponds to a dark vector mediator XX → VµV µ,
with V µ coupling to the SM through the hypercharge portal, as discussed in Sect. III. Cascade annihilation to scalar states
XX → ss which subsequently decay to SM fermions through the Higgs portal, Sect. IV, is shown in the center panel. The right
panel shows annihilation XX → aa, with a→ gg, as discussed in Sect. V. The black markers indicate the best fit points.
ing higher-order corrections and the loop-induced mode
h → gg. Finally, we consider the case where the media-
tor is a (pseudo-)scalar coupling to the SM through the
higher dimensional operators aGaµνG˜
aµν or sGaµνG
aµν ,
resulting in a(s) → gg. Further, in Fig. 5 we show the
corresponding flux for the best fit of each of the cases
studied in Fig. 4, using the preferred astrophysical pa-
rameters identified in [10].
One expected consequence of fitting the spectrum with
cascade annihilations is the expanded range of mDM
that can yield a good description of the shape. Generi-
cally cascade annihilations point to heavier DM masses
than do direct annihilations. The diagonal line where
mDM = mmed recovers the spectra for direct annihila-
tions, XX → ff , at the mass
mDM|direct = 0.5 mDM|cascade , (6)
with twice as many photons per event. This limit is
not of particular interest for describing the observed GC
photon excess, as the thermal cross-section is propor-
tional to βf =
√
1−m2med/m2DM, and becomes velocity-
suppressed in the degenerate limit. Cascade annihila-
tions are a more compelling scenario away from the diag-
onal line. It is therefore interesting that in all cases our
best-fit regions lie at mmed/mDM < 1.
Given that the ratio of masses should be mmed/mDM &
0.1 in order to reproduce the shape of the 1-3 GeV pho-
ton excess, the dark mediator is not in a regime in which
Sommerfeld effects are typically important, see e.g. [44].
The DM elastic self-interactions resulting from mediator
exchange are thus not in the range that could account for
the astrophysical small scale structure anomalies, such as
the core-vs-cusp problem, for which self-interacting DM
models substantially lighter mediators have been pro-
posed as a solution [45, 46]. Conversely, the cascade an-
nihilation scenarios we consider here are not constrained
by limits on DM-DM self-scattering, such as those arising
from the observation of elliptical halos [47].
Another noticeable feature of the left and middle pan-
els of Fig. 4 is the change in shape of the χ2 contour
around mmed = 10 GeV, where the → b¯b final state be-
comes accessible.
III. CASCADE ANNIHILATION TO VECTOR
MEDIATORS
In this section we construct an explicit reference model
for DM annihilating to pairs of vector bosons, and discuss
direct detection and LHC constraints. The regions of
DM mass and vector mass that yield good fits to the GC
excess are shown in Fig. 4.
We take the DM to be a Dirac fermion χ, interacting
with a massive dark vector Vµ with coupling strength
gD, and couple the dark vector to the SM through the
hypercharge portal, L = BµνV µν . This kinetic mix-
ing couples Vµ to SM fermions, thereby destabilizing Vµ,
and yielding a direct detection signal. The relic abun-
dance of χ is set by its annihilation to pairs of vectors,
χχ¯ → V V . This process has an s-wave contribution,
and thus yields present-day annihilation cross-sections of
the correct order of magnitude to explain the GC ex-
cess. Both the direct detection cross-section and the Vµ
total width are proportional to 2. On one hand, Vµ
must decay sufficiently promptly to avoid disrupting the
predictions of BBN. On the other hand, the direct detec-
tion cross-section must be small enough not to conflict
with LUX bounds [48]. Thus, the admissible range of
mediator-SM couplings is bounded [49].
In what follows, we fix the dark coupling constant gD to
5the value that yields the correct thermal relic abundance
for χ. The thermal annihilation cross-section is
〈σv〉 = piα
2
D(1−m2V /m2χ)3/2
m2χ(1−m2V /2m2χ)2
+O(v2). (7)
Requiring Ωh2 = 0.112 fixes αD ≡ g2D/4pi for given
mV ,mχ. Note we are working in the limit where the
Born approximation holds, i.e. where αDmχ/mV < 1,
and enhancements to cross-sections at low velocities are
negligible. The resulting value for αD is shown in Fig. 6
(left), where we have used the standard analytic ap-
proximate solution to the Boltzmann equation assum-
ing s-wave freeze-out. This is a good approximation for
x ≡ mV /mχ . 0.7 and a not unreasonable approx-
imation for 0.7 . x . 0.9. In the degenerate limit
mV → mχ, the s-wave term in the v2 expansion van-
ishes, and the resulting thermal annihilation cross-section
is highly velocity-suppressed; we consider this region of
parameter space of less interest for explaining the excess
in the GC.
For the best-fit region of mV , mχ indicated in Fig. 4,
exactly solving the Boltzmann equation predicts that the
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FIG. 5. Gamma-ray flux observed in the inner galaxy, as
reported by [10], compared to the best-fit spectra for each
model of DM cascade annihilation. Red: Dark vector model
with mDM = 22 GeV and mmed = 12 GeV, for DM anni-
hilation cross section of 〈σv〉 = 3.4 × 10−26 cm3/s. Blue:
Scalar decaying via the Higgs portal for mDM = 40 GeV and
mmed = 20 GeV, for 〈σv〉 = 4.4×10−26 cm3/s. Green: Scalar
decaying to gluons with mDM = 60 GeV and mmed = 40 GeV,
for 〈σv〉 = 6.1 × 10−26 cm3/s. In each case the flux is cal-
culated for angular direction 5◦ from GC, for a generalised
NFW profile with γ = 1.26 and ρ0 = 0.3 GeV/cm
3.
thermal cross-section today lies in the range
〈σv〉|today = (4.3− 4.5)× 10−26cm3/s. (8)
Fixing the dark coupling constant to yield the thermal
relic abundance, direct detection experiments then con-
strain the coupling of the dark vector to the SM. The
direct detection cross-section per nucleon is
σχn =
g2Dg¯
2
N
pim4χ
µ2, (9)
where µ is the DM-nucleon reduced mass, and g¯N is the
average nuclear coupling,
g¯2N ≡
(
Zgp + (A− Z)gn
A
)2
. (10)
In Eq. (9), we have kept the leading contribution from VD
exchange only, neglecting the subleading contributions
from Z exchange, which are suppressed by O(m2V /m2Z).
This is a good approximation in the best-fit regions for
the vector model.
In the right panel of Fig. 6, we plot the maximum
allowed  as a function of DM and vector masses. To
generate this plot we have used the approximate analytic
s-wave relic abundance calculation to determine the ther-
mal value of αD. For a given coupling αD appropriate
to obtain the observed DM relic density, as determined
in Fig. 6 (left), one can satisfy the LUX bound by tak-
ing  smaller than the (upper bound) contours of Fig. 6
(right). The values of  required to satisfy LUX limits
still allow the dark vector to decay long before BBN.
The cosmological history of the dark sector also de-
pends on  weakly through the temperature Tdec when
χ and the SM depart from kinetic equilibrium. The ki-
netic mixing sets the strength of interactions of the form
χf → χf , and for   1, DM-SM scattering may drop
below the Hubble expansion. Once this kinetic decou-
pling occurs, SM species leaving the thermal plasma de-
posit their entropy only into lighter SM particles, and the
SM is accordingly hotter than the dark matter. Setting
nfσv(χf → χf) . H(T ), we estimate
T 2dec ≈ (10 MeV)2
(
0.003
αD
)( mV
10 GeV
)4
(11)
×
(
20 GeV
mχ
)(
10−4

)2(
4∑
giQ2i
)
,
where the sum runs over the relativistic visible sector
states carrying chargeQ, with internal degrees of freedom
gi, but for the case at hand this is simply the electron.
Thus χ stays in kinetic equilibrium with the SM well
below the freeze-out temperature in our best-fit region,
provided  is not too far below current bounds. Accord-
ingly, in our calculation above we have for definiteness
taken TDM = TSM = T . For  . 10−6, a complete treat-
ment of kinetic decoupling would be required for a precise
prediction of the present-day annihilation cross-section.
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FIG. 6. Left: The dark gauge coupling required to obtain Ωh2 = 0.11 for Dirac fermion DM χ annihilating to pairs of dark
gauge bosons V , as a function of mχ and mV = xmχ (using the approximated s-wave solution to the Boltzmann equation).
Contours show the required value of αD in units of 10
−3. Right: The maximum value of the kinetic mixing parameter  allowed
by LUX [48], when the dark coupling constant αD has been set to its thermal relic value. Contours of log10  are shown.
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FIG. 7. Left: The quartic coupling λ4 needed to obtain Ωh
2 = 0.11 for complex scalar DM φ annihilating to pairs of dark
scalars s in the reference model of Eq. (12), as a function of mφ and ms = xmφ (using the approximated s-wave solution to
the Boltzmann equation). Contours show the required value of λ4 in units of 10
−2. Right: The maximum value of the Higgs
mixing parameter  allowed by LUX [48], when the dark quartic coupling λ4 has been set to its thermal relic value. In both
panels we have set y = 1.
So long as kinetic decoupling occurs prior to the chiral
phase transition, these corrections are small in compari-
son to the current astrophysical uncertainties.
There are many experimental constraints on kinetically
mixed U(1)s; see [50] for a summary. For dark vector
masses mV > 10 GeV, the most stringent constraints
come from electroweak precision measurements, and limit
 . 0.02 for most values of mV below the Z pole [51].
For dark vectors lighter than mΥ ≈ 9.5 GeV there are
more stringent limits from invisible quarkonium decay
[52], constraining the mediator couplings to be  . 10−3.
These bounds do not significantly constrain the region of
parameter space that is allowed by LUX.
This leaves a broad swath of mV and  that are allowed
by all collider experiments and cosmological bounds, and
are capable of explaining the GC excess. The best
prospects for discovering this model at the LHC would
be through the exotic decay of the SM Higgs to the
new vector boson, either in association with a Z boson,
h → ZZD, or in pairs, h → ZDZD, depending on the
structure of the dark symmetry-breaking sector [53].
7IV. CASCADE ANNIHILATION TO SCALAR
MEDIATORS
In this section we consider simple reference models for
DM annihilating to pairs of states which couple to the
SM through the Higgs portal, i.e., have couplings to SM
states proportional to their Yukawa couplings (at lead-
ing order). The simplest such model that allows for a
present-day thermal cross-section of the correct order of
magnitude is scalar DM annihilating to pairs of scalars.
Fermionic DM annihilating to pairs of scalars, through
DM-scalar annihilations alone, does not have any s-wave
thermal cross-section, and is therefore not a compelling
explanation for the observed GC excess.
We consider a simple Higgs portal scenario [54, 55]. We
take the DM φ to be a complex scalar and let it carry
a global U(1) quantum number guaranteeing its stabil-
ity (taking φ real and stabilized by a Z2 parity would
not materially affect our conclusions). We consider the
interactions between φ, s, and h to be given by
V (φ, s,H) =V (|φ|2) + V (|H|2) + λ4
2
|φ|2s2
+

2
s2|H|2 +
(
−µ
2
s
2
s2 +
λs
4!
s4
)
.
(12)
Suppose that the VEV 〈s〉 spontaneously breaks the Z2
parity s → −s of the potential. After EWSB and Z2
breaking, the mixing angle between s and h is then
tan 2θ ≈ 2θ = 2〈s〉v
m2h −m2s
; (13)
we take θ  1 and hence the physical masses m2s,h are
approximately equal to their unperturbed values. In gen-
eral the interactions of Eq. (12) will induce the inter-
action |φ|2|H|2 at loop level; this will be negligible in
comparison to the tree-level interactions in the regime of
interest.
The independent parameters of this simple scalar ref-
erence model may be taken as mφ, , 〈s〉, ms, and λ4.
Thus, compared to the dark vector model, we have one
additional parameter: y ≡ 〈s〉/ms, which we generically
expect to be O(1). The thermal cross-section can be
written
〈σv〉 = 1
64pi
√
1−m2s/m2φ
m2φ
λ24 × (14)(
1 +
3m2s
4m2φ −m2s
− 2λ4〈s〉
2
2m2φ −m2s
)2
+O(v2).
Note that the dependence on y enters only in the last
term in parentheses, multiplying λ4. Since we will find
that λ4 ∼ 10−2 to achieve the needed relic abundance,
this renders the thermal relic abundance insensitive to y.
In Fig. 7 (left) we show the value of λ4 needed to yield
the correct thermal relic abundance, as obtained using
the approximate analytic s-wave solution to the Boltz-
mann equation. Exact solution of the Boltzmann equa-
tion predicts present-day thermal cross-sections again in
the range
〈σv〉|today = (4.3− 4.5)× 10−26cm3/s. (15)
The leading contribution to direct detection is single s
exchange, giving the per-nucleon cross-section
σφN =
µ2
4pim2φ
f2Nλ
2
4
2
( 〈s〉4
m4s
)(
mN
m2h −m2s
)2
, (16)
where mN ≈ 0.94 GeV is the nucleon mass. Again, we
drop the subleading contribution from h exchange, as it
is higher order in m2s/m
2
h, and thus small in the region of
most interest for the Fermi excess. Note the DM-nucleon
scattering is proportional to y4; thus the y dependence
allows additional freedom to enhance or suppress the di-
rect detection cross-section relative to signals from the
GC or from the LHC. Fixing y = 1, we take the effective
Higgs coupling to nucleons as fp = fn = 0.345 [56]
3, and
show the resulting constraints on the Higgs mixing  in
Fig. 7 (right). Constraints from direct detection are rel-
atively weak, requiring  . 0.4 in the best-fit regions of
parameter space.
More stringent constraints come from LHC limits on
the total non-SM branching fraction of the Higgs, which
limit Br(h → BSM) . 0.2 if SM production is assumed
[58–60]. In the mass ranges of interest for the GC excess,
the scalar mass satisfies ms < mh/2. Thus the scalar
potential of Eq. (12) yields a partial width for h→ ss,
Γ(h→ ss) = 
2v2
32pimh
(
m2h + 2m
2
s
m2h −m2s
)√
1− 4m
2
s
mh
. (17)
Requiring Br(h → ss) < 0.2 restricts  . 1.5 × 10−2;
future measurements of the Higgs sector with 5-10% pre-
cision [61] can be sensitive to  & 0.7×10−3, as we show in
Fig. 8. Values of  ∼ 10−3 correspond to θ ∼ 10−4. Such
values of θ still allow s to decay well before BBN in the
mass ranges under consideration. As in the dark vector
case, for ms . 10 GeV there are additional limits from
invisible quarkonium decay, but these are typically less
constraining than the inclusive Higgs decay limit, giving
limits of  . 10−2 [62].
The small Yukawa couplings of the light SM fermions
imply in general that for  . 10−3, kinetic decoupling oc-
curs at temperatures of the same order as the freeze-out
temperature. Thus a full numerical solution of the Boltz-
mann equation would be required to precisely determine
the relic abundance for a given λ4 and . As kinetic de-
coupling again occurs prior to the chiral phase transition,
3 See Ref. [57] for an alternate approach to Higgs-nucleon cou-
plings.
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FIG. 8. Limits on the scalar-Higgs mixing parameter  from
Higgs properties at the LHC, as a function of mediator mass
ms. The three contours denote Br(h → ss) = 0.2, 0.1, and
0.05, as indicated.
the net impact on the deduced dark matter properties is
small relative to the astrophysical uncertainties, and the
approximate treatment presented here is sufficient to as-
sess the relations between indirect, direct, and collider
signals expected in this model.
For  values consistent with Br(h → BSM) . 0.2, s
will be difficult to see at colliders. Direct observation
of the exotic Higgs decays h → ss, with s decaying ac-
cording to the SM Yukawa couplings, will be challeng-
ing at the LHC; see [53] for a recent survey and re-
view. The best prospects exist in the region ms < 2mb,
where the enhanced Br(s → ττ) may allow a detection
for Br(h → ss) & 5%; for ms > 2mb, sensitivity to
Br(h→ ss) & 20% is a reasonable target [53].
V. CASCADE ANNIHILATIONS TO
GLUOPHILIC MEDIATORS
Let us re-examine the scalar DM model of Sect. IV in
the case that 〈s〉 = 0. To allow s to decay, we add to
the spectrum a pair of heavy vector-like fermions ψ in
the SM representation (3, 1)Y + h.c. which are coupled
to the DM as follows:
L ⊃λ4
2
|φ|2s2 + λψsψψ¯ −Mψψ¯ . (18)
Integrating out these heavy exotic fermions leads to
Leff ⊃λ4
2
|φ|2s2 + 1
Λ
sGaµνG
aµν . (19)
The mass scale Λ can be identified with [63]:
Λ−1 =
αS bi λψ
8piM
. (20)
where bi is the β-function contribution due to ψ, e.g. 2/3
for an SU(3) triplet. This scenario allows for cascade
annihilations of the form φφ† → ss, and subsequently
s→ gg. The resulting gamma-ray spectrum for this case
is studied in Fig. 4 (right). The decay rate of the scalar
state to gluons is
Γs =
8m3s
4piΛ2
. (21)
Decays before BBN occur provided the coloured fermions
have mass M/λψ . 1011 GeV. This coupling via exotic
heavy fermions is analogous to KSVZ-type axion models
[64, 65].
For Y 6= 0 the heavy fermion loop also induces the
operator s FµνF
µν and thus also the decay s→ γγ. This
decay directly to photons would result in a gamma-ray
line for s at rest in the galactic frame. In the case of
interest for us, where x = ms/mφ ∼ 0.5, the boost of the
s particles relative to the galactic frame widens the line
into a box [66]:
1
Nγ
dNγ
dEγ
=
1
mφ
√
1− x2 Θ
(
Eγ − mφ
2
(1−
√
1− x2)
)
×
Θ
(mφ
2
(1 +
√
1− x2 − Eγ)
)
. (22)
The intensity of the gamma-ray box relative to the gluon-
induced continuum contribution will be suppressed by
the factor (αem/αs)
2
, and is not currently observable
for the parameters of interest [66]. On the other hand,
the box extends to significantly higher photon energies
Eγ and has a kinematic feature at the upper endpoint,
and thus presents an interesting target for future exper-
iments.
Similar to the previous cases, in Fig. 9 we show the
value of λ4 required to obtain the observed relic density.
These results apply also to DM annihilations to pairs
of pseudo-scalars, φφ → aa. For definiteness, we take
the dark sector and the SM to be reheated to the same
temperature Treheat > mtop, but kinetically decoupled
thereafter. As DM freeze-out occurs prior to the chiral
phase transition in our best-fit regions (mDM ∼ 40 GeV),
we approximate TDM = 0.83TSM.
The leading direct detection cross-section is spin-
independent and highly suppressed. Parameterizing the
effective s-nucleon coupling as [67]4
gsNN ' 〈N |GG|N〉
Λ
' − 4pi
αsΛ
× 180 MeV , (23)
4 The accuracy of the SU(3) chiral perturbation theory used to
extract the gluonic matrix elements 〈N |GG|N〉 and 〈N |GG˜|N〉
has been questioned, and an alternate approach has recently been
proposed for the scalar matrix element 〈|mfff¯ |〉 in Ref. [57];
however, as our aim here is to establish a parametric estimate,
the precision is more than sufficient for our purposes.
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FIG. 9. The quartic coupling λ4 needed to obtain Ωh
2 = 0.11
for complex scalar DM φ annihilating to pairs of dark scalars s
in the model of Sect. (V), as a function of mφ and ms = xmφ
(using the approximated s-wave solution to the Boltzmann
equation). Contours show the required λ4 in units of 10
−2.
direct detection proceeds at one-loop, with cross-section
parametrically given by
σφN ∼ 1
16pi
1
(mφ +mN )2
λ24g
4
sNN
16pi2
(
mN
ms
)4
. (24)
Clearly, for M/λψ  TeV, there is no hope of a direct
detection signal.
Similar results hold for pseudo-scalars a, although Λ is
a factor of 3 larger. In this case, we estimate the effective
a-nucleon coupling as [67]
gaNN ' 〈N |GG˜|N〉
Λ
' − 8pi
αsΛ
×
{ −380 MeV p
10 MeV n
(25)
The leading direct detection cross-section is spin-
independent and highly suppressed, with similar para-
metric dependence to the scalar case.
VI. CONCLUDING REMARKS
If its origin from DM is confirmed, the GC gamma-ray
excess will not only present the long-awaited detection of
DM, but also provide evidence of a dark sector governing
its interactions. The DM mass and thermal cross-section
indicated by the excess is highly suggestive of a particle of
mass mDM ∼ tens of GeV, freezing out via thermal anni-
hilations mediated by a BSM particle, with a substantial
component of the annihilation proceeding through the
s-wave. For DM with this mass and this magnitude of
coupling, the big challenge for models of DM is to recon-
cile the signal from the GC with the lack of any signal at
direct detection experiments, especially LUX.
The deduced need for a BSM mediator naturally
presents an elegant solution to this puzzle. When
mmed < mDM, the mediator itself is available as a final
state for DM annihilations. A small coupling of the me-
diator to the SM subsequently allows the mediator to de-
cay to SM particles with a cosmologically short lifetime.
Thus in this scenario the coupling of the dark sector to
SM particles in general and to nucleons in particular is
no longer tied to the thermal relic density of DM. This
cascade annihilation scenario opens up the scope of pos-
sible masses and quantum numbers for both DM and the
mediator.
The photon spectra arising from cascade annihilations
will be determined by the masses of the DM and media-
tor, together with the details of how the mediator decays.
We have studied three well-motivated minimal scenarios
for mediator decay: vector mediators decaying to the SM
via hypercharge mixing; scalar mediators decaying to the
SM through Higgs mixing; and (pseudo)-scalar mediators
decaying to the SM via loops of heavy fermions. For all
scenarios we establish the combinations of masses that
lead to the best description of the gamma-ray spectrum,
as determined in [10].
We construct simple reference models for all of these
scenarios and demonstrate that they are capable of ex-
plaining the GC excess whilst naturally eluding direct
detection as well as collider limits. Our best-fit scenar-
ios are compared to the observations in Fig. 5. There
is a large and natural range of parameter space in all of
these models capable of explaining the excess. This ease
in evading current experiments has the unfortunate con-
sequence that signals of these models at direct detection
and at colliders are naturally small, and may be difficult
to observe at the LHC. Exotic decays of quarkonia and
of the SM Higgs boson offer the best prospects for terres-
trial experiments. Astrophysical signals offer a window
onto the complementary regime where the mediator has
small couplings to the SM, via perturbations of BBN or
the CMB via late-decaying particles.
We have focused our attention on minimal models,
with one DM particle and one mediator species active in
the process of thermal freeze-out. Less minimal choices
of mediator-SM couplings may also be constructed. For
instance, hidden vectors may be constructed that cou-
ple to the SM through leptophobic [68–70] or leptophilic
[71] portals. In such cases the DM thermal freeze-out
will generically proceed as computed in Sect. IV, but
the constraints on the mediator couplings to the SM, as
well as limits on the additional matter species that ap-
pear in such models, will impose different restrictions on
the allowed parameter space. Further, a much broader
range of possible DM quantum numbers and interactions
opens up if the mediator sector is allowed to be non-
minimal, enabling such possibilities as mixed annihila-
tions XX → φ1φ2 [72], longer cascades [73], or shower-
ing in a hidden sector. There are many opportunities for
extending DM model building in these directions.
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